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Materials and methods
[bookmark: _Toc71733876]Materials 
[bookmark: OLE_LINK13][bookmark: OLE_LINK14][bookmark: _GoBack][bookmark: OLE_LINK57][bookmark: OLE_LINK58][bookmark: OLE_LINK11][bookmark: OLE_LINK10][bookmark: OLE_LINK18][bookmark: OLE_LINK20][bookmark: OLE_LINK21]Chlorin e6 (Ce6, 93-98%), azobenzene-4,4'-dicarboxylic acid (Azo, 98%) were obtained from J&K Chemical Ltd. (Beijing, China). Bovine albumin (BSA, ≥ 98%), ferritin (≤ 125 mg ferritin/mL), glutathione (GSH), hydrogen peroxide (H2O2, 50%), 9,10-anthracenediylbis (methylene) dimalonic acid (ABDA, ≥ 90%) and 2′,7′-dichlorodihydr fluorescein diacetate (DCFH-DA, ≥ 97%) were purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO). Sorafenib (SRF, 99.9%) was brought from Med Chem Express LLC. (Monmouth Junction, NJ, USA). Ferrostatin-1 (Fer-1, 99.89 %) was purchased from Selleck Chemicals (Houston, TX, USA). BODIPY581/591-C11 probe and cell culture products (Gibco) were obtained from Thermo Fisher Scientific (Waltham, MA, USA). O-phenanthroline (≥ 99%) was obtained from Aladdin Chemistry Co. Ltd. (Shanghai, China). Iron (III) chloride (FeCl3, ≥ 97%)，ferrous (II) chloride tetrahydrate (FeCl2·4H2O, 99%), sodium dithionite (Na2S2O4, ≥ 88.0%) and sodium dodecyl sulfonate (SDS, ≥88.0%) were obtained from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Ultrapure water (18.2 M·Ω resistivity at room temperature) used for all experiments was obtained from a Milli-Q Gradient System.
[bookmark: _Toc71733877]Synthesis of BCFe@SRF nanosystem
[bookmark: _Toc71733878]BSA-Ce6: The immobilization of Ce6 onto BSA to obtain BSA-Ce6 was carried out via the reaction between the -COOH group of Ce6 and -NH2 group of BSA according to a previous report.[1, 2] Typically, 0.5 mg of Ce6 (0.84 μmol), 0.28 mg of EDC (1.46 μmol) and 0.18 mg of NHS (1.56 μmol) were dissolved in 200 µL of DMSO at 27℃ under magnetic stirring. After 2 h of reaction in dark condition, the mixture was added dropwise into 1 mL of BSA PBS solution (10 mg·mL-1) under intensive stirring and then kept in dark at room temperature overnight. Finally, the resultant solution was centrifugated at 12500 rpm for 10 min to remove possible aggregations and then ultrafiltered by a centrifugal filter device (MWCO 10 kDa) to remove free Ce6. 
[bookmark: _Toc71733879]BSA-Ce6-Ferritin@SRF (BCFe@SRF): The Azo (1.6 mg, 5.92 μmol) was pre-activated with EDC (0.57 mg, 2.97μmol) and NHS (0.29 mg, 2.52 μmol) in 200 µL of DMSO for 2 h. Subsequently, the mixture, 30 μL of ferritin and 2.5 mg of SRF (5.38 μmol) were added dropwise into the BSA-Ce6 PBS solution obtained from the above step. After 12 h of stirring under dark condition, the final product BCFe@SRF was purified by dialyzing against water using a dialysis membrane (MWCO 3500) for 8 h.
[bookmark: _Toc71733880]Azo-cross-linked BSA-Ce6 (BC) and BSA-Ce6-Ferritin (BCFe): For the purpose of control experiments, BC and BCFe nanoparticles were prepared adopting the same synthesis procedures of BCFe@SRF without additions of ferritin and SRF (BC: without ferritin and SRF; BCFe: without SRF).
[bookmark: _Toc71733881]Characterization
[bookmark: _Toc71733882]Instruments: The morphology of the products were observed by a high resolution transmission electron microscope (TEM; FEI Company, TALOS F2000) performed at 200 kV accelerating voltage. Dynamic light scattering (DLS) analysis was conducted using a Zeta Sizer (Nano ZS, Malvern, UK) to analyze the hydrous size, zeta potential, dispersity and stability of the samples. The UV-Vis absorption measurement was conducted on a microplate reader (Spectra 206 Max M5, Molecular Devices). The fluorescent emission spectra of Ce6 in different samples excited by 404 nm light was recorded on an Agilent Cary Eclipse fluorescence spectrophotometer. 
[bookmark: _Toc71733883]Quntitative analysis: The amounts of the conjugated Ce6 and encapsulated SRF in BCFe@SRF were calculated using a calibration curve of standards measured by UV-Vis absorption measurement and high performance liquid chromatography (HPLC), respectively. The Fe composition in BCFe@SRF was quantitatively evaluated by inductively coupled plasma-optical emission spectrometry (ICP-OES, Agilent ICP-OES 730). The quantitative analysis assays were performed after BCFe@SRF degration by Na2S2O4. 
[bookmark: _Toc71733884]Performance evaluation of the functional components: The ROS production ability of BCFe@SRF by PDT effects was analyzed using ABDA as the indicator measured by UV-Vis spectrometer (BCFe@SRF: 0.16 mg·mL-1, ABDA: 2 mM). A 670 nm laser was employed as exciting light for laser-triggered ROS analysis (light source: K660E06M-2.000W, BWT Beijing Ltd.). To examine the SRF release profile from the nanoreactor under simulated hypoxia condition, the prepared BCFe@SRF was dispersed in a dialysis membrane (MWCO 3500) containing 2mM Na2S2O4 PBS solution, and then the dialysis bag was kept in a centrifuge tube containing 4 mL of PBS. The tube was placed in a shaking bed at 37 ℃. At determined time intervals, 2 mL of the dialysate was withdrawn, while the same volume of PBS was added into the residual solution. The amount of released SRF was using a calibration curve of standards measured by HPLC. The release profile of SRF without Na2S2O4 was measured as the control. To confirm the iron cycling of ferritin, o-phenanthroline was employed as an indicator to verify the existence of Fe2+. Firstly, the iron in ferritin was isolated by dissolving ferritin in 2% SDS at 95℃ and then purified according to previously reported methods.[3] The product was dispersed in o-phenanthroline PBS solution, followed by the addition of GSH or GSH + H2O2.[4] FeCl3, FeCl2, GSH, H2O2 solutions were employed as control. The pH of all solutions was adjusted to weak acid condition. 
[bookmark: _Toc71733885]In vitro experiments
[bookmark: _Toc71733886][bookmark: OLE_LINK6][bookmark: OLE_LINK7]Cell culture and cell density: The murine hepatoma cell line hepa 1-6 and the mouse embryonic fibroblast cell line NIH 3T3 were cultured in Dulbecco’s Modified Eagle Medium (DMEM) containing 10% fetal bovine serum (Atlanta Biologicals, Lawrenceville, GA, USA) and 1% penicillin-streptomycin (Gibco BRL, Grand Island, NY, USA) in a humid atmosphere (37 ℃, 21% O2, 5% CO2). For imitating tumor hypoxia environment, the cells were also cultured in abovementioned medium but placed in an anaerobic incubator with 2.5% O2 when co-incubated with the nanosystems. In the following in vitro assays, the adoptive cell densities were 1×104 (96-well plate), 1×105 (24-well plate, 20 mm confocal laser dish) and 2×105 (6-well plate) per well/dish, respectively.
[bookmark: _Toc71733887]Material concentration and laser condition: The applied samples in all in vitro assays were measured by Ce6 concentration. Different samples (at an equivalent dosage of 1 μM Ce6) were co-incubated with the cells for 4 h if not specially mentioned. The 670 nm laser with power intensity of 50 mW·cm-2 was utilized as PDT exciting light in the in vitro assays. The cells were exposed to the laser for 5 min and then examined after another 24 h of incubation. To analyze the PDT effects in hypoxic environment, the cells were coated with an oil layer when exposed to laser irradiation.
[bookmark: _Toc71733888]In vitro cytotoxicity assay: The cytotoxicity of BCFe@SRF in NIH 3T3 cell line was evaluated using Cell Counting Kit-8 (CCK-8, Dojindo Laboratories, Kumamoto, Japan) following the manufacturer's instruction. Briefly, the cells were seeded into a 96-well plate and incubated for 24 h. The culture medium was then replaced with 100 μL of fresh medium containing serial concentrations of BCFe@SRF (Ce6 concentration from 0.25 to 4 µM), and then the cells were incubated for another 24 h. After washing with PBS thrice, 10 µL of CCK-8 solution mixed with 90 µL of culture medium was added into each well and the cells were further incubated for 30 min. The absorbance intensity at 450 nm was measured at a Spectra Max M5 microplate reader. The relative cell viabilities (%) were measured from five wells in parallel and expressed as the means ± SD, calculated from the formula cell viability (%) = OD (sample)/OD (control) × 100%. 
[bookmark: _Toc71733889]Determination of cellular internalization of BCFe@SRF: To evaluate the intracellular localization of BCFe@SRF in hepa 1-6 cell line, the cells were seeded into 20 mm confocal laser dishes for 24 h and then the BCFe@SRF was applied to each dish. After 1-4 h of incubation with the nanoreactors, the cells were washed with PBS, fixed with paraformaldehyde (4%) and then imaged using a confocal laser scanning microscope (CLSM; Zeiss LSM780). To confirm the intracellular Ce6 fluorescence recovery in hypoxia condition, the cells were incubated with the same concentration of BCFe@SRF in normoxic or hypoxic environment for 4 h and then also examined by CLSM.
[bookmark: _Toc71733890]In vitro synergistic anticancer effect analysis: The CCK-8 viability assay was first performed to investigate the PDT effects of BC in hepa 1-6 cell line. The cells in 96-well plates were incubated with various amounts of BC (Ce6 concentration from 0 to 4 µM) for 4 h and then washed with PBS buffer to remove the free nanoparticles. Afterwards, the cells were cultured in fresh medium and exposed to laser irradiation for 5 min. After another 24 h of incubation, the cell viability was tested by CCK-8 assay adopting the same procedures as described above. After evaluating the BC mediated PDT effects and selecting the reference value of applied samples measured by Ce6 concentration, CCK-8 assay was performed to quantitatively evaluate the BCFe@SRF mediated synergistic anticancer effects in normoxic or hypoxic conditions, using the same procedures as indicated above. 
For qualitative analysis, the in vitro synergistic anticancer effect of BCFe@SRF was reconfirmed by live/dead staining and apoptosis assay.[5, 6] The method of cell treatment was the same as described above. After 24 h of the indicated treatment procedures, in live/dead staining assay, the cells seeded on 96-well plate were stained using LIVE/DEAD Viability/Cytotoxicity Kit (Invitrogen, Eugene, OR, USA)), and whereafter the cells were observed using a fluorescence microscope (Zeiss Axio Vert.A1). For apoptosis assay, the treated cells seeded on 24-well plate were stained using annexin V-allophycocyanin (APC)/propidium iodide (PI) apoptosis detection kit (KeyGEM Biotech Co., Ltd., Jiangsu, China) and finally detected by flow cytometry (FCM; BD FACSVerse). 
[bookmark: _Toc71733891]The mechanism of the designed synergistic PDT and ferroptosis therapy: To evaluate the mechanism of the BCFe@SRF mediated anticancer effects, the cell viability, intracellular ROS generation, LPO accumulation in cell membrane, and intracellular GSH/GPX4 expression were determined. The cells were firstly treated with different samples involving free Ce6, BC (pure PDT), BCFe (without SRF) and BCFe@SRF for 4 h. Fer-1 was employed to block ferroptosis pathway as control. To evaluate the cell viability in different groups, CCK-8 assay was performed following the abovementioned procedures with or without laser irradiation in normoxic or hypoxic conditions. For intracellular ROS visualization, after being treated with different samples for 4 h, the cells seeded on 96-well plate were washed with PBS and cultured with fresh medium containing 40 μM of DCFH-DA probe for 30 min. After replacement with fresh culture medium (serum-free), the cells were exposed to laser irradiation for 5 min and finally visualized by a fluorescence microscope. 
[bookmark: OLE_LINK2][bookmark: OLE_LINK5]  The fluorescence probe BODIPY589/591-C11 was employed to assess the LPO level in cell membrane, which can insert into lipid membranes and be oxidized by LPO. The oxidative product can emit green fluorescence when excited by 488 nm laser (λex: 485 nm, λem: 520 nm). The cells seeded on 20 mm confocal laser dishes were treated with different samples for 4 h in hypoxic condition and then incubated in serum-free medium containing 5 μM of BODIPY589/591-C11 for 15 min. Finally, the cells were observed by CLSM and detected by flow cytometry. For intracellular GSH detection, the cells seeded on 24-well plate were firstly treated with different samples in hypoxic condition for 4 h. Afterwards, a Reduced Glutathione (GSH) Assay Kit (Solarbio Science﹠Technology Co., Ltd., Beijing, China) was used to determine the difference in intracellular GSH expression between groups, according to the manufacturer’s instruction. For detecting the intracellular GPX4 level of the cells after BCFe@SRF mediated ferroptosis, different sample treated cells were collected and stained with anti-GPX4 (abcam, ab231174) according to vendor’s instruction and finally examined by western blot analysis.
[bookmark: _Toc71733892]In vivo experiments
[bookmark: _Toc71733893]Tumor model: To establish the tumor model, 1 × 107 hepa 1-6 cells suspended in 100 μL of PBS were subcutaneously injected into the right flank of hind leg region of male BALB/c-nude mice (obtained from Wushi Laboratory Animal Co. Ltd., China). 14 days later, when the tumor size reached approximately 50 mm3, the tumor bearing mice were randomly divided into different groups. 
[bookmark: _Toc71733894]In vivo biodistribution of BCFe@SRF after intravenous injection: After the mouse receiving systemic administration (intravenous injection of BCFe@SRF (Ce6: 4 mg·kg-1) in 100 μL of PBS), the mouse was placed in an in vivo imaging system (IVIS, Perkin Elmer) to monitor the fluorescent signal of Ce6 at tumor site (excited by 660 nm laser). Meanwhile, another mouse receiving the same treating procedure was sacrificed after 6 h of intravenous injection, whose tumor and main organs (kidney, lung, spleen, heart and liver) were imaged by Gel Doc XR imaging system (Bio-Rad, Lab, Hercules, CA) to examine the tumor targeting ability of BCFe@SRF.
[bookmark: _Toc71733895]  In vivo synergistic antitumor effect assay: For in vivo synergistic anticancer effect assay, the tumor-bearing mice were randomly allocated into five groups: (a) PBS; (b) PBS+Laser; (c) BC+Laser; (d) BCFe@SRF; (e) BCFe@SRF+Laser. Details of the therapeutic method given for each group are as follows:
(1) PBS: 100 μL of sterilized PBS for each mouse;
(2) PBS+Laser: 100 μL of sterilized PBS for each mouse, followed by laser irradiation;
(3) BC+Laser: 100 μL of BC PBS solution for each mouse, followed by laser irradiation;
(4) BCFe@SRF: 100 μL of BCFe@SRF PBS solution for each mouse;
(5) BCFe@SRF+Laser: 100 μL of BCFe@SRF PBS solution for each mouse, followed by laser irradiation;
All samples (at an equivalent dosage of 4 mg·kg-1 Ce6) were intravenously injected into the mice in corresponding groups at day 0. After 6 h of injection, the tumor site was exposed to the laser for 5 min. 670 nm laser with power intensity of 0.4 W·cm-2 was employed to perform the in vivo laser irradiating procedure. The therapeutic effects were examined by monitoring tumor volume in each group every 2 day, up to 16 days. The tumor size was measured using an electronic caliper. The tumor volume (V) was calculated using the equation tumor length × (tumor width)2/2. Relative volume V/V0 (V0 as the initial tumor volume before therapy) was used to evaluate the relative tumor growth rate. Simultaneously, the body weights of the treated mice were surveyed at the same time to evaluate the side effects. All the tumors were harvested at the end of the studies for the following photographing and weighing.
[bookmark: OLE_LINK4][bookmark: OLE_LINK3]To evaluate the histological changes of tumors and protein expression, one tumor-bearing mouse was sacrificed in each group after 24 h of laser irradiation. Afterward, the harvested tumors from the treated mice were fixed in formalin, embedded by paraffin, and further sectioned into slices with thickness of 4 mm. Subsequently, they were stained with hematoxylin and eosin (H&E) for histopathology evaluation and anti-Ki67 (Servicebio, GB11141) for immunohisto-chemical analysis, respectively. GPX4 protein expression was also detected by using GPX4 antibody (abcam, ab203031). The tumor slices were then imaged using a Zeiss microscope (Axio Lab.A1). 
[bookmark: _Toc71733896]Systemic toxicity of BCFe@SRF analysis: To analyze the potential systemic toxicity of BCFe@SRF, one treated mouse was sacrificed in each group at the end of the indicated treatment, and then the major organs of the mice were harvested, fixed in formalin, embedded by paraffin, sectioned into slices, stained with H&E and finally observed by a Zeiss microscope.
[bookmark: _Toc71733897]Statistical analysis
All quantitative data were presented as the mean ± standard deviation (SD). Statistical analysis among different groups was performed using GraphPad Prism 7. Statistical significance (p < 0.05, p < 0.01, and p < 0.001) was evaluated using the unpaired two tailed Student t-test. When p < 0.05, there are statistical significance between the compared groups.
[bookmark: _Toc71733898]References
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[bookmark: _Toc71733899]Supplementary Figures
Table S1. Characterization of the reagents and final product measured by DLS.
	Sample
	Hydrodynamic
particle size
(nm)
	
PdI
	Zeta potential
(mV)

	BSA
	 11.4 ± 1.2
	0.17
	-22.6 ± 2.3

	BSA-Ce6
	 18.0 ± 1.3
	0.11
	-15.0 ± 1.3

	Ferritin
	[bookmark: OLE_LINK1] 22.7 ± 0.1
	0.22
	-16.5 ± 1.6

	BCFe@SRF
	102.6 ± 1.3
	0.28
	[bookmark: OLE_LINK8] -2.7 ± 0.6

	BC
	 86.0 ± 5.4
	0.31
	 -1.7 ± 0.6

	BCFe
	 91.4 ± 5.0
	0.18
	 -1.5 ± 0.4
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Fig. S1 (a) TEM images of BC and BCFe. (b) Size distribution and (c) zeta potential of BC and BCFe measured by DLS. 
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Fig. S2 (a) UV-Vis absorption analysis and the standard curve of Ce6 (absorbance at 670 nm). (b) HLPC analysis and the standard curve of SRF.
[image: ]
Fig. S3 UV-Vis absorption spectra of BSA, Ce6, BSA-Ce6, BC and BCFe.

[image: ]
Fig. S4 (a) The spectrum of ABDA absorbance treated with BCFe@SRF under room light for different times. (b) The spectrum of ABDA absorbance treated with pure laser irradiation (670 nm laser, 50 mW·cm-2) for different times in the absence of BCFe@SRF.
[image: ]
[bookmark: OLE_LINK140][bookmark: OLE_LINK139]Fig. S5 CCK-8 viability assay of NIH 3T3 cell line treated with BCFe@SRF at various concentrations for 24 h (mean ± SD, n = 5). 

[image: ]
Fig. S6 CLSM images of hepa 1-6 cells incubated with BCFe@SRF (Ce6 concentration: 1μM) in normoxic condition for 1-4 h (Ce6: red, 405 nm laser excitation). Scale bar: 20 μm.


[image: ]
Fig. S7 CCK-8 cell viability assay of hepa 1-6 cells treated with BC mediated PDT (670 nm light, 50 mW·cm-2, 5 min) in normoxic condition (*p < 0.05, **p < 0.01, ***p < 0.001, n = 5).

[image: ]
Fig. S8 Mean body weights of the mice (n = 5).
[image: ]
Fig. S9 H&E immuno-histochemical staining of the harvested organs at the end of the indicated treatments. Scale bar: 50 μm.
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